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ABSTRACT 
 
 Carbon nanotubes have the potential to enhance the strength, toughness, and self-sensing 
ability of Portland cement mortar and concrete. Two processing methods were studied to 
improve the dispersion and bonding of carbon nanotubes in cementitious composites. In the first 
method, silica functional groups were covalently bonded to carbon nanotubes before dispersing 
them in the mixing water. Two silica morphologies were used separately. Initially, agglomerated 
nanosilica spheres were produced, and later a semi-uniform coating was attached to the CNT 
surface. The flowability of the resulting Portland cement mortar mixtures was quantified and 
their flexural strengths were determined at various ages. Results indicate improvements to 
workability when the functional groups are used, but no change in flexural strength from 
mixtures containing pristine carbon nanotubes. Preliminary study was also performed on cement 
clinker with carbon nanotubes grown on it. The modified clinker was mixed into cement paste to 
observe the dispersion and test the hydration kinetics of the mixture. The particles clumped 
together within the specimen and the dense coating of carbon prevented hydration at the surface 
of the particles.   
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CHAPTER 1 
INTRODUCTION 
 
 Throughout the past decade, carbon nanotubes have received substantial attention from 
the materials research community due to their high specific strength, tunable electrical 
properties, variable nano-scale geometry, and high aspect ratio of several orders of magnitude 
(Barreiro, et al. 2006, Tombler 2000, Wong, Sheehan and Liebert 1997). The discovery of 
carbon nanotubes is usually attributed to Sumio Iijima (Iijima 1991), though other work reported 
as early as 1952 provides evidence of having formed and identified them (Monthioux and 
Kuznetsov 2006, Radushkevich and Lukyanovich 1952). The general structure of this material 
may be described as a sheet of graphene rolled into a cylinder. Multiple-wall carbon nanotubes, a 
more popular form, comprise several of these cylinders assembled concentrically. The nanotubes 
may be capped or open-ended. Longitudinal shift of the rolled graphene edge accommodates 
several possible chiral arrangements.  
When carbon nanotubes are employed as the dispersant or reinforcement of a composite, 
the features described above become useful in a number of ways. In particular, bonding the 
nanotubes and matrix together typically increases strength, pull-out of the nanotubes from a 
cracking matrix may improve ductility, and the metallic, semiconducting, and piezoresistive 
properties of certain chiral arrangements could provide a smart material sensing capability. 
Regardless of the atomic arrangement of a nanotube, it is a highly stable structure with poor 
water affinity. As a result, achieving proper bonding and dispersion with the matrix of a water-
based composite like Portland cement mortar or concrete can be challenging (Yazdanbakhsh, et 
al. 2009).  
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The mechanical benefits of micron-scale reinforcements are well documented by Prof. 
Victor C. Li and his research group at the University of Michigan, Ann Arbor. His Engineered 
Cement Composite mixture is capable of over 5% strain before failure, while typical Portland 
cement composites may only reach 0.1% strain. An ECC mixture usually contains ordinary 
Portland cement, class F fly ash, silica sand, oiled polyvinyl alcohol (PVA) fibers, and high-
range water reducer. The extreme mechanical properties are achieved in part by controlling the 
load transfer efficiency of the bond to the reinforcement, which is designed to be a specific 
diameter and length in order to optimally supplement the chosen gradation of aggregate and 
cementitious particles (V. Li 2003).  Such a design may be executed for nano-sized fibers in later 
stages of research, but in the scope of this project, one must simply draw a corollary to the 
potential for carbon nanotubes to bring mechanical improvements like high toughness to 
cementitious composites. Others have observed crack bridging and nanotube pull-out in fractured 
cement paste, evidence of both the probability for improved mechanical properties and the need 
for stronger interfacial bonds (Tyson, et al. 2011).  
Many research projects which focused on mixing carbon nanotubes into a cementitious 
composite have achieved a measure of success. At the University of Minnesota, Duluth, 
researchers have exploited the piezoresistive quality of carbon nanotubes to sense loads on 
concrete pavements (Yu and Kwon 2009). Such an application could be used for traffic study or 
structural health monitoring. Another project explored the effects of surface modification of 
carbon nanotubes. Carboxyl and hydroxyl groups were functionalized onto nanotubes via acid 
treatment before mixing them into Portland cement mortar. The resistivity of the overall 
composite was lower for pristine nanotubes, but the pressure sensitivity was improved by the 
treatment (Li, Wang and Zhao 2007). The functional groups also had an effect on mechanical 
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properties and bonding. The researchers measured increases in compressive and flexural 
strengths over mortars containing pristine carbon nanotubes. The cement hydration product 
calcium-silicate-hydrate was observed on the surface of modified nanotubes and signatures 
indicative of calcium-oxygen-carbon bonds appeared in the Fourier transform infrared spectrum 
of hydrated cement paste containing modified carbon nanotubes (Li, Wang and Zhao 2005).  
Another method to include carbon nanotubes in cement follows a different delivery 
approach. A few researchers have investigated growing nanotubes directly on cement particles, 
then mixing them into a cementitious composite. One group utilizes the iron-rich constituents of 
cement clinker as a catalyst for growth, but note a limited nanotube yield and tensile strength 
increases up to only 35% (Ludvig, et al. 2009). A group at Helsinki University of Technology 
has named their product carbon hedgehog cement, claiming that they have chemically bonded 
carbon nanotubes and nanofibers to the cement particle surface (Cwirzen, Habermehl-Cwirzen 
and Shandakov, et al. 2009). Unfortunately, the papers and conference proceedings authored by 
this group are lacking in characterization of the bond between the cement and carbon forms. 
Additionally, their compressive strength data is highly varied and conflicted. When any amount 
of cement was replaced by carbon hedgehog cement in the composite, the 14-day compressive 
and flexural strengths were reduced. The cited paper reports nearly a 100% compressive strength 
increase for two of the eight specimens tested at 28 days, but most of the tests resulted in 
minimal strength gain or loss of around 10%. The variability of growth on the cement particles is 
named as a major problem with their method, and they mention that the hydration kinetics may 
be affected by the carbon forms on the cement particle surface.   
Based on the majority of reports on the topic, the limited strength and ductility benefits 
provided to cementitious composites by carbon nanotubes thus far have brought the economic 
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efficiency of these relatively expensive additives into question. With compressive and flexural 
strength increases typically only around 25%, reaching a maximum of 50%, (Konsta-Gdoutos, 
Metaxa and Shah 2010, Cwirzen, Habermehl-Cwirzen and Nasibulin, et al. 2009), most skeptics 
are left wondering whether conventional high performance concrete is more effective than a 
carbon nanotube reinforced composite. Throughout the literature review carried out in 
anticipation of the present project, two ubiquitous issues were identified that may be limiting the 
benefits seen from using carbon nanotubes: Poor dispersion of the nanotubes and poor control of 
the bonding between the nanotubes and cement paste matrix. To help solve these problems and 
perhaps increase the effectiveness of nanotubes in the successful applications described earlier, 
two processing methods were developed in the present study.  
In order to covalently bond to carbon nanotubes, one typically needs to provide extreme 
reaction environments like those found in a furnace, plasma chamber, or acidic solution. Such 
methods are impractical for cementitious systems, which are usually mixed and cured at close to 
ambient conditions.  An intermediary such as a functional group on the surface must be used to 
bond to carbon nanotubes at room temperature. Given the success of other researchers who 
functionalized carbon nanotubes with hydroxyl and carboxyl groups, it was decided to attempt to 
use silica, a functional group not found to be used in this application in the literature. The silica 
is expected to aid carbon nanotube dispersion by physical interference, repulsive interparticle 
Van der Waals forces, and improved water affinity. Additionally, following from the modified 
tobermorite and jennite model of calcium-silicate-hydrate (Taylor 1986), it is hypothesized that 
the silica will bond directly to the cement hydration product during polymerization as bridging 
tetrahedra. This bond would likely be tunable based on the spatial density and thickness of the 
functionalization.  
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 The alternative delivery method found in the literature is also briefly explored here. 
Carbon nanotubes were grown on cement clinker, without gypsum, to avoid the release of water 
that affected the growth of Cwirzen, et al. The research background of the author provides 
experience in tuning the reaction to vary nanotube growth parameters like spatial density, length, 
and consistency throughout the substrate (Marsh, et al. 2011). The literature also offers guidance 
for optimizing nanotube growth in chemical vapor deposition experiments (Barreiro, et al. 2006). 
Optimizing the interface of grown carbon nanotubes and clinker particles should help mesh the 
nanotubes into calcium-silicate-hydrate as it forms during hydration. Ideally, the nanotubes 
would be a part of the initial hydrated micro- and nanostructure, an important characteristic for 
particles which contribute to strength. Calorimetry is used to monitor the effects of the nanotubes 
on hydration kinetics, a concern brought forth in the cited works. While significant progress was 
made, further work is needed to fully investigate the benefits of this method. 
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CHAPTER 2 
MATERIALS AND METHODS 
 
2.1 Raw Materials 
 Pristine multiple-wall carbon nanotubes with diameter of 20-40nm and length of 
0.5-40µm were obtained from Helix Material Solutions, Richardson, TX. Absolute ethanol (200 
proof), tetraethyl orthosilicate, 28% solution of ammonia in water, ferrocene powder, and 
m-xylene were obtained from Sigma-Aldrich Co., St. Louis, MO. Type I Portland cement clinker 
for use in the growth experiment was obtained from Continental Cement Company, Hannibal, 
MO. Type I Portland cement for use in mortar and cement paste specimens was obtained from 
Midwest Pre-Mix, Jefferson City, MO. Silica sand conforming to ASTM C778 standards was 
obtained from U.S. Silica Company, Ottawa, IL.  
 
2.2 Experimental Procedure 
2.2.1 Carbon Nanotube Functionalization 
 The procedure by which carbon nanotubes were functionalized with silica was based on 
that of H. Li, et al. (Li, Ha and Kim 2009). First, to attach hydroxyl groups to the nanotubes, they 
were spread on a quartz plate and loaded into a plasma cleaner (PDC-32G, Harrick Plasma, 
Ithaca, NY). After pumping the vacuum chamber down to 150mtorr, inductively coupled air 
plasma was activated at 10.5W, the medium setting, three times for 20 seconds each with one 
minute of rest between cycles. Following the hydroxyl functionalization, the nanotubes were 
dispersed in ethanol using a probe-type ultrasonic processor (EW-04714-52, Cole-Parmer, 
Vernon Hills, IL). Tetraethyl orthosilicate and ammonia activator were added, forming a sol-gel 
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that facilitates a co-condensation reaction between the ethanol, hydroxyl groups on the 
nanotubes, and tetraethyl orthosilicate. The sol was left stirring at ambient conditions for one 
hour before the reagents were evaporated off on a hot plate, which took approximately 3-4 hours. 
The ultrasonic processor was then employed to disperse the nanotubes in the water to be used in 
the cement paste or mortar mixture.  
An initial experiment was performed at nearly the same reactant quantities that H. Li, et 
al. used in order to verify successful functionalization using the local equipment. Later, to 
accommodate the desired loading in the mortar specimens, the mass of carbon nanotubes used in 
each procedure was increased by a factor of about 3.39, along with the masses of tetraethyl 
orthosilicate and ammonia. The ethanol volume was doubled for this procedure. After noting the 
production of silica nanospheres instead of the desired thin coating of silica on the nanotubes, the 
procedure was again changed for a second round of flexural strength tests. The concentrations of 
tetraethyl orthosilicate and ammonia were returned to the original value while maintaining the 
mass of nanotubes and volume of ethanol. Additionally, the nanotubes underwent three hydroxyl 
functionalization procedures, 57-58mg at a time, before being combined in the ethanol. The 
reactant proportions for the three different procedures are provided in Table 1. 
  Process mg CNT mL Ethanol mL NH3 mL TEOS g TEOS/mL sum 
Original Procedure 1OH 1Si 51.0 100 4.0 1.0 0.00895 
Nanospheres Procedure 1OH 1Si 172.7 200 13.5 3.4 0.01473 
Thin Coating Procedure 3OH 1Si 172.7 200 8.0 2.0 0.00895 
Table 1. Silica functionalization procedure reactant totals.  
The ultrasonic processing parameters were controlled and recorded for all specimens. The 
original and nanospheres procedures used a 3mm probe while the thin coating procedure used a 
13mm probe. In all procedures, the ethanol dispersion was performed at the 20% amplitude 
setting for 5 minutes, resulting in 1.0-1.2kJ of energy input by the small probe and 1.5-1.7kJ 
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input by the large probe. Dispersion in water was also performed at 20% amplitude for 5 minutes 
during the original and nanospheres procedures, resulting in a slightly higher energy input of 1.2-
1.4kJ due to improved acoustic coupling between the probe and fluid. The thin coating procedure 
required additional processing in water which consisted of 5 minutes at 20% amplitude with 1.6-
1.8kJ of energy input, 3 minutes of rest, and 3 minutes at 50% amplitude with 2.6-2.8kJ of 
energy input. The temperature of the water was monitored during a characteristic experiment to 
verify that a reasonable temperature was maintained. A plot of the temperature during the most 
intense processing, the final step of the thin coating procedure, is given in Figure 1. The 
maximum temperature was just over 27°C, so evaporation of the water is not a concern.  
 
Figure 1. Water temperature during ultrasonic processing. 
 
2.2.2 Growth of Carbon Nanotubes on Portland Cement Clinker 
 Carbon nanotubes were grown on Portland cement clinker inside a catalytic chemical 
vapor deposition apparatus inspired by other works (Barreiro, et al. 2006, Marsh, et al. 2011). 
Approximately 2g of clinker was distributed on a 75x20mm silicon wafer and loaded into a 
35mm diameter quartz tube within a tube furnace (55340, Blue M, New Columbia, PA) inclined 
at 10° to the horizontal. The tube was purged with helium flowing at 0.75SLPM for 5 minutes 
prior to raising the furnace temperature to 820-830°C. Following a 1 hour dwell to allow the 
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temperature to stabilize, a 1% by mole mixture of ferrocene in m-xylene was passed through an 
ultrasonic processing nozzle (06-05108, Sono-Tek, Milton, NY) at a rate of 0.5mL/min into the 
helium flow. In the furnace, the ferrocene decomposed to form iron nanoparticle floating 
catalysts which deposited on the clinker surface and initiated carbon nanotube growth. Some 
growth may also have initiated on naturally occurring iron particles in the clinker. Once 20mL of 
the mixture was dispensed, the flow was stopped and the furnace was allowed to cool to near-
ambient temperature while continuing to flow helium to protect the carbon nanotubes from 
combustion.  
 
2.3 Mixing and Curing 
 Silica sand graded according to the standards of ASTM C778 was tested for density, 
specific gravity, and moisture absorption by the methods described in ASTM C128. The water-
to-cement ratio of 0.485 and sand-to-cement ratio of 2.75 by mass were selected according to the 
recommendation of ASTM C109. Literature review revealed that a carbon nanotube-to-cement 
ratio of 0.08% by mass would provide close to optimum results for the dimensions of the 
nanotubes used in this project (Musso, et al. 2009, Konsta-Gdoutos, Metaxa and Shah 2010). A 
volumetric mixture design was used with correction for water absorption to provide these mass 
ratios in a 400mL batch size assuming that the densities of cement, sand, water, and carbon 
nanotubes are 3.15, 2.62, 1.00, and 1.30 g/mL, respectively. The batch size was kept relatively 
small in these laboratory-scale experiments to allow a realistic mass of processed carbon 
nanotubes per batch.  
Cement paste and mortar specimens were mixed according to standard practices in 
ASTM C305. Each mortar mixture was tested on a flow table, described in ASTM C230, 
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according to the standard practice of ASTM C1437. They were then mixed for an additional 15 
seconds before being placed into 25x25x290mm molds designed for the ASTM C157 length 
change test specimens. The molds were spaced with PTFE prisms to provide four 25x25x125mm 
beam specimens per mix. Typically, a larger specimen of dimensions 40x40x160mm would be 
used, but research has shown little difference between the flexural strength of 10x10x60mm and 
40x40x160mm specimens (Forrester and Keen 1960). Considering the labor required for 
processing carbon nanotubes at this scale, a smaller specimen was preferred. The molds were 
sealed with plastic wrap for 24 hours before the specimens were demolded and transferred to a 
moist cure room maintained at 23°C and 100%RH. Within one hour of the desired cure time, 
specimens were removed from the cure room in a sealed container and transported to the load 
frame for testing.  
 
2.4 Flexural Strength Testing 
 Two different sample sets were prepared to test the effects of the silica nanospheres and 
thin coating carbon nanotube functionalization procedures. Mixtures containing carbon 
nanotubes modified by the nanospheres procedure were tested at 7, 14, and 28 days along with 
mixtures containing pristine carbon nanotubes and control mixtures containing only water, 
cement, and sand. Four of each of these specimens were tested to failure in three-point bending 
over a 100mm span. The load frame (4502, Instron, Norwood, MA) was controlled by LabVIEW 
software in load control mode at a rate of 20N/s.  
 A mixture containing carbon nanotubes modified by the thin coating procedure was 
tested on a different load frame (5500R, Instron, Norwood, MA) in three-point bending over a 
100mm span after 7 days of moist curing. The instrument was controlled by Bluehill software in 
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crosshead control mode at a rate of 1.0mm/min. The loading rate near the maximum load was 
approximately 100N/s. The 7 day control and pristine carbon nanotube mixture tests were 
repeated to avoid error caused by instrumental and procedural variability. Additionally, a mixture 
with twice the normal amount of modified carbon nanotubes, 0.16% by mass of cement, was 
tested on this frame after 7 days of moist curing.    
 
2.5 Semi-Adiabatic Calorimetry 
 A semi-adiabatic calorimeter constructed of insulating foam, paper cups, and type T 
thermocouples (Figure 2) was used to monitor the heat evolved during the hydration of cement 
paste. The instrument was designed to allow as little heat as possible to escape each specimen. 
The temperature of the airspace inside the calorimeter was monitored along with that of each 
specimen during a 24-48 hour test. A control specimen containing only cement and water was 
measured alongside each modified mixture. The mass of cement paste was maintained across 
specimens at 150g. Tests were attempted for three separate mixtures containing carbon 
nanotubes modified by the nanospheres and thin coating functionalization procedures and carbon 
nanotubes grown on cement clinker.   
 
Figure 2. Semi-adiabatic calorimeter loaded with cement paste specimens. Lid is not pictured. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
 
3.1 Silica Functionalization 
 Despite replicating the silica functionalization process of H. Li, et al., there was a wide 
parameter space to optimize for the needs of this project. Two experiments were performed on 
pristine carbon nanotubes without hydroxyl groups to test the importance of the initial 
functionalization in the plasma cleaner. The nanotubes were dried and examined with energy 
dispersive X-ray spectroscopy (EDS), which returned little silicon and oxygen response. After 
removing background, the carbon peak reached 47,119 counts while the silicon peak reached 
only 871 counts, 1.85% of the height of the carbon peak (Figure 3). The low silicon and oxygen 
peaks were likely caused by residual tetraethyl orthosilicate, so it appears that the silica 
functionalization process failed.   
  
Figure 3. EDS response of carbon nanotubes treated in ethanol and tetraethyl orthosilicate. 
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Following this result, nanotubes functionalized with hydroxyl groups by acid treatment 
were obtained from a commercial vendor (030203, Cheap Tubes Inc, Brattleboro, VT), who 
claimed a hydroxyl content of 2.0%. The intent was not only to verify the procedure, but also to 
test whether the plasma cleaner hydroxyl functionalization was somehow different from 
conventional methods in a way that allowed silica functionalization to occur. The procedure was 
repeated as before and the result was conclusive. EDS of the dried nanotubes showed a carbon 
peak at 16,480 counts after removing background and a silicon peak at 7,139 counts, 43.3% of 
the height of the carbon peak (Figure 4). Inspection of the treated nanotubes in a transmission 
electron microscope (TEM) reveals an irregular coating both on the surface of each nanotube and 
among the bulk specimen (Figure 5). From this result one may infer that hydroxyl functional 
groups, no matter the method of attachment, are necessary and sufficient precursors to the silica 
treatment.  
 
Figure 4. EDS response of acid-treated carbon nanotubes treated in ethanol and tetraethyl orthosilicate. 
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Figure 5. TEM micrograph of acid-treated carbon nanotubes treated in ethanol and tetraethyl orthosilicate.  
After verifying the procedure using purchased hydroxyl functionalized nanotubes, the full 
functionalization experiment was attempted using the plasma cleaner as outlined in Chapter 2. 
The treated nanotubes were examined in a TEM. Two characteristic micrographs are provided 
here. It is important to acknowledge that these are dried specimens under high vacuum, so the 
dispersion and morphologies seen in the TEM do not necessarily reflect those when dispersed in 
water.  
In Figure 6, two carbon nanotubes are shown, joined together by silica. The joining of 
nanotubes in this manner signifies the importance of ultrasonic processing in water after the 
functionalizing procedure. To understand the micrograph, recognize that a cross-section of the 
cylindrical, multi-wall nanotubes is in focus. Above the scale bar, from top to bottom, the reader 
may observe a layer of silica, several carbon nanotube walls, the central core of a nanotube, the 
other side of the wall structure of this tube, another layer of silica which separates the two 
nanotubes, and finally the other nanotube walls and core.  
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Figure 6. TEM micrograph of typical silica functionalized carbon nanotubes. 
 
Figure 7. TEM micrograph of typical silica functionalized carbon nanotubes. 
 Figure 7 depicts several silica functionalized nanotubes of slightly varying diameter. 
Most of these nanotubes are uniformly coated with silica. Another structure may be identified at 
the bottom, left of the micrograph, where the silica groups are affixed in clusters about 10nm in 
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size. Either of these attachment types should be suitable for testing the hypothesis that the silica, 
acting as an intermediary between calcium-silicate-hydrate and the carbon nanotubes, will 
improve the load transfer efficiency to the reinforcement. Subsequent experiments have revealed 
some ability to control the type and spatial density of the coating, so its effect is likely tunable. It 
was also noted that, based on these results, the plasma cleaner provides a more consistent 
hydroxyl functionalization and has higher yield potential than acid treatment.  
With the procedure confirmed, the reactant quantities were increased to accommodate the 
required amount of carbon nanotubes for a 400mL mortar mixture. As shown in Table 1, the 
mass of carbon nanotubes, ammonia, and tetraethyl orthosilicate were tripled, but the volume of 
ethanol was only doubled. The result was an increase in the concentration of tetraethyl 
orthosilicate to nearly double that of the preliminary experiment. Additionally, the mass of 
carbon nanotubes in the hydroxyl functionalization procedure was increased without changing 
the time spent in the plasma cleaner or its power setting. Since mass is a significant variable in 
plasma-aided reaction energy flow, it is likely that the hydroxyl functionalization was not as 
concentrated as before. There was also a taller pile of the nanotubes on the reaction plate, so the 
plasma interaction volume may not have penetrated the entire specimen, further reducing the 
effectiveness of the hydroxyl functionalizing procedure. These three factors, namely tetraethyl 
orthosilicate concentration, nanotube mass per hydroxyl treatment, and plasma interaction 
volume, contributed to the development of silica nanospheres attached to the carbon nanotubes 
instead of the thin, uniform coating of functional groups seen in the previous experiments 
(Figure 8, Figure 9).  
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Figure 8. Carbon nanotubes treated by the nanospheres procedure. 
 
Figure 9. Carbon nanotubes treated by the nanospheres procedure. 
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 In reaction to the appearance of the silica nanospheres, the procedure was modified to 
address the three issues identified above while maintaining the mass of carbon nanotubes per 
batch. The concentration of tetraethyl orthosilicate was returned to the original value and the 
mass of nanotubes in each plasma cleaner run was brought down to just above the amount in the 
initial experiment (Table 1). Comparing Figure 10 to Figure 8, it is clear that the new thin 
coating procedure has eliminated the silica nanospheres. Figure 10 also contains several 
nanotubes over 10µm in length, evidence that the ultrasonic processing procedure is not terribly 
harmful to the nanotubes. The thin coating and joining of silica functional groups appears again 
in the TEM micrographs of nanotubes treated by the new procedure (Figure 11). A higher 
magnification shows more detail of the carbon nanotube wall structure and the layers of silica, 
which appear mostly amorphous as expected from a sol-gel synthesis procedure (Figure 12).   
 
Figure 10. Carbon nanotubes treated by the thin coating procedure. 
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Figure 11. Carbon nanotubes treated by the thin coating procedure. 
 
Figure 12. Carbon nanotubes treated by the thin coating procedure. 
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With the details of the procedure worked out, an effort was made to characterize the bond 
between the silica and the carbon nanotubes. Three possible bond types exist for this interaction: 
Van der Waals forces, silicon-carbon covalent bonds, and silicon-oxygen-carbon covalent bonds. 
If the silica were held to the nanotubes by only Van der Waals forces, it would not survive the 
ultrasonic processing and we would see it detached from the nanotubes in TEM micrographs. 
Silicon-carbon covalent bonds are typically only made under extreme reaction conditions such as 
high pressure, high heat, an intensely catalyzed reaction, or some combination thereof. None of 
these conditions are present during the functionalization procedure. This leaves a likely 
candidate, silicon-oxygen-carbon covalent bonds. The results shown above indicate that 
hydroxyl functionalization is required before the silica will become attached to the carbon 
nanotubes. It follows that, during the silica functionalization, the oxygen atom in the hydroxyl 
group remains bonded to the nanotube, loses the hydrogen atom, and bonds with a silicon atom. 
To quantitatively characterize the bond, solid state nuclear magnetic resonance testing was 
attempted using both 29Si and 13C probes, but the instrument could not be tuned to the specimen 
due to high conductivity. Fourier transform infrared spectroscopy and Raman spectroscopy 
should be attempted in order to gain information about the vibration modes of the bonds.  
 
3.2 Growth of Carbon Nanotubes on Portland Cement Clinker 
 The idea to grow carbon nanotubes on cement clinker for composite reinforcement 
stemmed from another project which aimed to grow a carbon nanotube based fiber capable of 
withstanding 1 million psi of tensile stress (Marsh, et al. 2011). Therefore, the chemical vapor 
deposition apparatus was already installed and optimized for growth as described in Chapter 2. 
The first experiment attempted to grow on a full piece of clinker about 50x20x10mm in size 
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(Figure 13). There was some carbon deposition which was examined in a scanning electron 
microscope (SEM). It appeared to be only an amorphous coating of carbon rather than a growth 
of carbon nanotubes (Figure 14). It was inferred that the tortuous surface and large size of this 
particle were unfavorable for this type of growth apparatus. Therefore, another experiment was 
attempted on the flat surface of smaller pieces cut from a 10mm diameter nugget of clinker 
(Figure 15). The result of this experiment was similar to that of the first. Again, no carbon 
nanotubes were observed on the substrate (Figure 16).   
 
Figure 13. Cement clinker after growth experiment.  
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Figure 14. SEM micrograph of carbonaceous growth on large piece of clinker. 
 
Figure 15. Cut cement clinker before growth experiment.  
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Figure 16. SEM micrograph of cut cement clinker after growth experiment.  
 Since the tall geometry of clinker substrates seemed to cause the lack of nanotube 
growth, the clinker was instead ground and distributed on a silicon wafer which acted as an inert 
boat. The particle size distribution was checked by a dynamic light scattering instrument 
optimized for nano-size particles and a more ordinary laser scattering particle size analyzer. 
Isopropanol was used as the dispersing fluid in both instruments. The dynamic light scattering 
results showed a peak around 1µm diameter in each of 5 runs and a mean of about 2µm (Figure 
17). The laser scattering instrument showed peaks around 0.5 and 18µm with a mean of about 
23µm (Figure 18). Particle settling affected the dynamic light scattering results, as the sample 
visibly settled out and the distribution moved toward smaller particles over time. The laser 
scattering instrument spun the sample during the test, so it is certainly more accurate. The 
particle size distribution is within the expected range for cement particles. 
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Figure 17. Dynamic light scattering size distribution of ground clinker. 
 
Figure 18. Laser scattering size distribution of ground clinker. 
 A typical silicon boat with treated clinker resting on a 50mm SEM stage is shown in 
Figure 19. Some discoloration is shown on the right side of the specimen due to changes in 
growth conditions caused by the temperature profile of the furnace. Characteristic SEM 
micrographs of clinker particles with radially grown carbon nanotubes are provided at several 
magnifications in Figure 20, Figure 21, and Figure 22. Bare clinker particles below the surface 
layer are visible in Figure 21, so the growth may not be uniform through the depth of the 
specimen. At higher magnification, the diameter of the appendages seems far too large for 
carbon nanotubes at about 500nm. To further investigate the growth morphology, several 
particles were examined in a TEM. Figure 23 shows an overview of a typical treated clinker 
particle. The wider, longer structures coming off the surface are about the size of those seen in 
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the SEM micrographs. Figure 24, Figure 25, and Figure 26 reveal the structure of these 
appendages, a large diameter multi-wall carbon nanotube surrounded by hundreds of smaller 
nanotubes. Carbon nanotubes were also observed at the surface of the clinker, either laid down 
from a radial arrangement or grown in a circumferential manner (Figure 27, Figure 28).   
 
Figure 19. Photograph of carbon nanotube growth on cement clinker. 
 
Figure 20. SEM micrograph of carbon nanotubes grown on cement clinker. 
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Figure 21. SEM micrograph of carbon nanotubes grown on cement clinker. 
 
Figure 22. SEM micrograph of carbon nanotubes grown on cement clinker. 
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Figure 23. TEM micrograph of carbon nanotubes grown on cement clinker. 
 
Figure 24. TEM micrograph of grown carbon nanotubes. 
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Figure 25. TEM micrograph of grown carbon nanotubes. 
 
Figure 26. Magnification of central nanotube in Figure 25. 
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Figure 27. Carbon nanotubes at the surface of cement clinker. 
 
Figure 28. Magnification of carbon nanotubes at the surface of cement clinker. 
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Subsequent experiments indicated an ability to tune the carbon nanotube growth. Slight 
changes to one or more parameters of the procedure may affect the growth rate, geometry, and 
purity of nanotubes, among other qualities (Barreiro, et al. 2006). For instance, when the reaction 
temperature is reduced about 10°C, carbon nanotubes will coat the cement clinker at a lower 
spatial density, as shown in Figure 29 and Figure 30. While the apparatus tuning may appear 
simple, it is extremely difficult to avoid making amorphous carbon in a chemical vapor 
deposition reactor. Raman spectroscopy may be used to confirm the presence D- and G-band 
vibration modes of carbon nanotubes at about 1350 and 1590cm-1 (Dresselhaus, et al. 2005). The 
spectrogram in Figure 31 confirms that the procedure described in Chapter 2 has in fact grown 
carbon nanotubes on cement clinker.  
 
Figure 29. SEM micrograph of less dense carbon nanotube growth on cement clinker. 
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Figure 30. Magnification of less dense carbon nanotube growth on cement clinker. 
 
 
Figure 31. Raman spectroscopy response of carbon nanotubes grown on cement clinker. 
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3.3 Mixing and Curing  
 The benefits of having silica functionalization on carbon nanotubes were seen 
immediately upon mixing. The dispersion of the functionalized nanotubes in the mixing water 
was visibly better than the pristine nanotubes (Figure 32). On the flow table, the mortar mixture 
containing silica functionalized nanotubes performed well, while the mixture containing pristine 
nanotubes suffered from bleeding, flattened to a plateau shape, and appeared to break up at the 
top of the test specimen (Figure 33). The visual indications that the functionalization improves 
the cohesiveness of the mixture are supported by quantitative flow table data (Table 2). Adding 
pristine nanotubes to the mixture lowered the flow value by 15% from the control, but adding 
functionalized nanotubes increased flow over the control by 14% for the nanospheres procedure 
and 9% for the thin coating procedure. Even the batch which contained double the mass of 
functionalized nanotubes exhibited higher flow than the average pristine nanotube batch.  
The standard deviation of flow is much lower for mixtures containing silica 
functionalized nanotubes. This means that the mixture workability is more consistent across 
batches, a desirable quality for mass-produced materials. The mixtures containing pristine carbon 
nanotubes were subjectively difficult to place and they often came out of the molds with large 
1-5mm air voids at the surfaces. By contrast, mixtures with silica functionalized nanotubes 
required minimal effort to place in the molds and came out smooth every time. Overall, the 
benefits to mixing and curing alone are a great success for the project regardless of the outcomes 
of mechanical property tests.  
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Figure 32. Pristine carbon nanotubes (left) and silica functionalized nanotubes (right) in mixing water. 
  
Figure 33. Flowed mortar with pristine carbon nanotubes (left) and silica functionalized nanotubes (right). 
  Control Pristine nanotubes Nanospheres Thin Coating Double Batch 
# of Mixes 5 5 3 2 1 
Mean Flow (%) 66 51 80 75 53 
StdDev 9.77 9.66 6.11 0 N/A 
%StdDev 14.8 18.8 7.61 0 N/A 
Table 2. Flow table results for the different types of mortar mixtures. 
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3.4 Flexural Strength Testing 
Load against crosshead position curves are provided in Figure 34, Figure 35, and Figure 
36 for the nanospheres procedure experiment at 7, 14, and 28 days of cure time. It may appear at 
first that pristine carbon nanotubes provide a significant benefit to toughness at early age, but a 
close look at the extension of the first 200N of loading in each test indicates a high degree of 
roller punching. The punching was confirmed visually and, as seen in the plots, is reduced at 
later ages as the specimens harden. The thin coating procedure is plagued by the same effect 
despite the change in load frame and feedback control (Figure 37). As a result of the punching, it 
is impractical to attempt to calculate changes in bulk modulus with each variable. The important 
information to gather from these tests is the flexural strength.  
 
Figure 34. Load against crosshead position for 7 day flexural tests. Legend labels contain the age, specimen 
type, specimen number (4 in each batch), and a letter denoting data file information. 
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Figure 35. Load against crosshead position for 14 day flexural tests. Legend labels contain the age, specimen 
type, specimen number (4 in each batch), and a letter denoting data file information. 
 
Figure 36. Load against crosshead position for 28 day flexural tests. Legend labels contain the age, specimen 
type, specimen number (4 in each batch), and a letter denoting data file information. 
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Figure 37. Load against crosshead position for 7 day double batch tests. The loading curve for each of the 
four specimens is shown. 
Throughout each test, data was collected every 0.2 seconds. With the load changing by as 
much as 20N during this time frame on the 5500R load frame, and a maximum load around 
700N, the error margin is at least 3% for the maximum load value. The loading rate was slower 
on the 4502 load frame, so this error is only about 1%. Based on the results in Table 3, the silica 
nanospheres serve to reduce the early flexural strength benefit of carbon nanotubes, but end up at 
the same strength increase over the control after 28 days of curing. In this case, it appears that the 
silica functionalization only improves the wet mixture workability of a carbon nanotube 
reinforced cementitious composite. Using the higher loading rate of the 5500R load frame and 
the thin coating procedure, the silica functional groups brought a 2% strength decrease from 
pristine nanotubes which themselves made the mortar 4% weaker than the control (Table 4). The 
strength of the double batch of functionalized nanotubes lies between the pristine and single 
batches. Each of these differences is within the error stated above, so it can be concluded that the 
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thin coating of silica functional groups provided no additional change to the mortar than pristine 
carbon nanotubes and that 0.16% by mass loading is no different from 0.08% by mass loading. It 
can also be said that, since the flexural strength was increased in the first group of tests and 
reduced in the second group, the loading rate is critical when testing the flexural strength of 
mortars with nanoscale reinforcement. The stiffness and fracture toughness are important 
parameters to analyze, so crack mouth opening tests should be performed in addition to these 
flexural strength tests in order to fully understand the material.   
  Flexural Strength (MPa) % Strength Increase 
Control 5.35, 6.43, 6.77 --- 
Pristine 6.08, 6.86, 7.20 13.6, 6.69, 6.35 
Nanospheres 5.93, 6.57, 7.20 10.8, 2.18, 6.35 
Table 3. Flexural strength increase for the nanospheres procedure at 7, 14, and 28 days. 
  Flexural Strength (MPa) % Strength Increase 
Control 6.80 --- 
Pristine 6.53 -4.0 
Thin Coating 6.38 -6.2 
Double 6.46 -5.0 
Table 4. Flexural strength increase for the thin coating procedure at 7 days. 
 
3.5 Semi-Adiabatic Calorimetry 
 Cement clinker with carbon nanotubes grown on it was mixed with cement paste and 
loaded into the calorimetry apparatus. An equipment malfunction prevented the collection of 
data. The clumping of treated particles is visible in the photograph in Figure 38, where a 
50x15x10mm specimen cut from the bulk is compared to standard cement paste. Figure 30 is an 
SEM micrograph of one of the darker spots after hydration, though there is no evidence of 
hydration products in the image. The nanotube coating appears to have stopped hydration at the 
clinker surface altogether.  
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Figure 38. Cement paste containing clinker with carbon nanotubes grown on it (left) and standard cement 
paste (right). 
 Continued equipment errors made data collection difficult throughout the project. A 
mixture of cement paste and carbon nanotubes treated by the nanospheres procedure was run 
alongside standard cement paste, but the standard paste channel malfunctioned. In Figure 39, the 
temperature curve of cement paste containing nanosphere-treated nanotubes is plotted alongside 
data from a different run of control cement paste on a different day, but again the datalogger 
malfunctioned during the second set of tests just after the peak temperature was reached.  
 Finally, cement paste containing carbon nanotubes modified by the thin coating 
procedure was successfully tested while measuring a control paste specimen and the temperature 
inside the calorimetry apparatus (Figure 40). The induction period for the modified paste is 
slightly hotter and slightly longer, so the silica may be dissolving into solution. Stage III of the 
modified paste releases significantly more heat than the control, so any strength increases 
observed to be due to the functionalization may be caused by either improved bonding to the 
nanotubes or simply by faster cement hydration.  
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Figure 39. Calorimetry data for cement paste containing carbon nanotubes treated by the nanospheres 
procedure and three separate specimens of cement paste, run in two different sets on different days. 
 
Figure 40. Calorimetry data for cement paste containing carbon nanotubes treated by the thin coating 
procedure. 
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CHAPTER 4 
CONCLUSIONS 
 
 Silica functional groups may be attached to carbon nanotubes in at least two 
arrangements. The workability of Portland cement mortar mixtures containing carbon nanotubes 
is greatly improved by either treatment used here. The loading rate has a significant effect on the 
flexural strength of such a mixture, but in the cases tested, the treatment did not improve the 
strength over mortar containing pristine nanotubes.  Additional heat released at the early stages 
of hydration indicates that the silica may dissolve into solution rather than act as an intermediary 
between the carbon nanotubes and calcium-silicate-hydrate. 
 Carbon nanotubes may also be grown on Portland cement clinker. When using a floating 
catalyst chemical vapor deposition reactor, full size pieces of clinker will not sustain nanotube 
growth. Different types of hierarchical structures of carbon nanotubes may grow on ground 
clinker particles. However, when mixed into a cement paste, the particles have a tendency to 
clump together and refrain from hydrating. A less dense coating than was produced here may be 
required.  
 Recommended future work includes fracture toughness and stiffness measurement by 
crack mouth opening of mortar beams containing treated nanotubes, Fourier transform infrared 
or Raman spectroscopy of treated nanotubes, and theoretical modeling and design using 
composite theory. The growth on clinker could be optimized to allow hydration of the underlying 
particle. 
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